The R230C variant of the ATP-binding cassette transporter A1 (ABCA1) gene has been consistently associated with decreased HDL-cholesterol (HDL-C) concentrations in several studies in the Mexican mestizo population. However, information on how diet composition modifies the effect of the ABCA1-R230C variant on HDL-C concentrations is very scarce. The aim of the present study was to analyze whether the effect of ABCA1-R230C on HDL-C concentrations is modulated by dietary factors in a nationwide population sample of 3591 adults from the National Health and Nutrition Survey conducted by the State's Employees' Social Security and Social Services Institute. All participants answered a validated questionnaire to assess health status and weekly food consumption. Fasting blood samples were drawn for biochemical analysis and DNA extraction, and the ABCA1-R230C variant was genotyped using TaqMan assays. Statistical analyses consisted of simple linear and multiple regression modeling adjusting for age, BMI, smoking, and alcohol consumption. The overall C risk allele frequency was 9.3% and the variant was significantly associated with low HDL-C concentrations in both sexes. A significant negative correlation between carbohydrate consumption and HDL-C concentrations was observed in women bearing the R230C variant (P = 0.021) and a significant gene-diet interaction was found only in premenopausal women (P = 0.037). In conclusion, the effect of the ABCA1-R230C gene variant on HDL-C concentrations is modulated by carbohydrate intake in premenopausal women. This finding may help design optimized dietary interventions according to sex and ABCA1-R230C genotype.
Introduction
Hypoalphalipoproteinemia (HDL-C 14 concentrations ,40 mg/ dL) is an independent risk factor for cardiovascular disease (1) and is the most common dyslipidemia in Mexican adults (2) (3) (4) (5) (6) . Plasma HDL-C concentrations result from the interaction of both genetic and environmental factors such as diet, smoking, alcohol consumption, and physical activity (7) (8) (9) (10) (11) (12) (13) (14) . Heritability estimates for HDL-C levels mostly range between 40 and 60% (14) and various genetic polymorphisms of the ABCA1 gene have been associated with HDL-C concentrations in several populations (15) (16) (17) (18) . The R230C-ABCA1 gene variant was recently found to be private to the Americas and strongly associated with low HDL-C in Mexican mestizos and Native American populations (19) (20) (21) (22) (23) . This allele is of particular interest, because it is frequent in the Mexican mestizo population (;10%) and the sole presence of the C risk allele explains almost 4% of plasma HDL-C concentration variation, which is higher than all HDL-C variation associated with a single nucleotide polymorphism identified through genome-wide association studies in European and Asian populations (24) .
Recent studies have reported that dietary factors such as protein, carbohydrate, and fat consumption may modify the effect of several gene variants (KCTD10, MMAB, and MVK) on HDL-C concentrations, reporting significant gene-nutrient interactions (25) (26) (27) . However, information on how diet composition modifies the effect of the ABCA1-R230C variant on HDL-C concentrations is very scarce. To date, there is only one report where hyperlipidemic individuals carrying the R230C risk allele showed a better HDL-C concentration response to a specific dietary intervention (low-saturated fat diet plus 25 g soy protein and 15 g soluble fiber) (28) . The purpose of the present study was to analyze whether specific diet components modulate the effect of the ABCA1-R230C variant on HDL-C plasma concentrations to provide the bases for optimized dietary interventions.
Materials and Methods
Participants. The study included 3591 adults (1160 men and 2431 women) recruited from the ENSADER conducted in 2007 by the State's Employees' Social Security and Social Services Institute in Mexico. The ENSADER is a nationwide, representative, cross-sectional study based on a 2-stage, stratified, cluster sampling procedure, including government employees. The purpose of ENSADER was to assess the prevalence, distribution, and potential impact of risk factors associated with major nontransmissible diseases as well as the nutritional status of this population. All participants answered a structured, validated, precoded questionnaire requesting information on age, sex, educational level, and health. A validated questionnaire assessing weekly food consumption was also applied. Height, weight, waist/hip circumference, and blood pressure were measured and BMI was estimated as [weight (kg)/height (m) All measurements were performed with commercially available, standardized methods in blood samples obtained after a 9-to 12-h fast. Serum glucose was measured using the glucose oxidase method. Total cholesterol was determined using enzymatic hydrolysis and oxidation. TG concentration was measured after lipase hydrolysis in an automatic analyzer with a tungsten lamp (Prestige 24i, Tokyo Boeki Medical System). HDL-C was measured by an enzymatic colorimetric direct method (Synchron CX analyzer, Beckman Systems). LDL-C concentrations were estimated using Friedewald's formula (29) .
Genetic analyses. Genomic DNA was extracted and purified from peripheral white blood cells using the salting-out procedure (30) . The R230C variant (rs9282541) was genotyped using TaqMan assays (ABI Prism 7900HT Sequence Detection System, Applied Biosystems). Genotyping call exceeded 95% and no discordant genotypes were observed in 180 duplicate samples. Samples previously genotyped by direct sequencing were used as positive controls. Deviation from the Hardy-Weinberg equilibrium was not observed.
Statistical analyses. Because of the reduced number of CC homozygous individuals, CR and CC genotypes were analyzed as a single group using a dominant model. Student's t and chi-square tests were applied to test differences between anthropometric and metabolic variables. Lipid traits were log-transformed due to skewed distribution and are expressed as geometric means and 95% CI. ANCOVA was used to determine associations between the R230C variant and metabolic variables, adjusting for age, BMI, smoking, and alcohol consumption. Simple linear regression models were built to study the effect of diet components on HDL-C concentrations stratified by sex and genotype, and multiple linear regression models were used to assess the interaction between the proportion of dietary carbohydrates and the R230C polymorphism on HDL-C concentrations, adjusting for the variables mentioned above. A 2-tailed P value , 0.05 was considered significant. All statistical analyses were performed using SPSS version 17.0 and R (31).
Results
The study population included 3591 participants of the ENSADER 2007 survey (female:male sex ratio, 2:1). Table  1 describes the anthropometric, biochemical, and diet variables stratified by sex. The C risk allele frequency was 9.3% in the overall population and was higher in the southern states, ranging from 4.6% in Guanajuato to 13.9% in the state of Tabasco (Fig.  1) . Genotype distribution did not differ from Hardy-Weinberg equilibrium.
Association of ABCA1-R230C with metabolic traits. RC/CC genotypes were strongly associated with lower HDL-C concentrations in both sexes. On average, the absolute difference in HDL-C concentrations according to genotype was 0.11 and 0.06 mmol/L for women and men, respectively. The risk allele was also significantly associated with lower total cholesterol concentrations in both sexes and with lower LDL-C concentrations only in men ( Table 2) .
Correlation between diet components and HDL-C concentrations according to genotype. Overall, carbohydrate intake and HDL-C concentrations had a negative correlation in both men and women (b = 20.11%; P = 0.002 and b = 20.05%; P = 0.041, respectively). This effect was greater in women carrying the risk allele (RC heterozygous or CC homozygous) (b = 20.16%; P = 0.021) but not significant in women with RR homozygous genotypes (Fig. 2B) . In contrast, men with the RR genotype had a significant negative correlation between carbohydrate intake and HDL-C concentrations (b = 20.13%; P , 0.001), whereas higher carbohydrate consumption had no effect in males carrying the risk allele (Fig. 2C) . Interestingly, the greatest effect of carbohydrate intake on HDL concentrations was observed in premenopausal women (b = 20.30%; P = 0.005), but it was not significant in postmenopausal women (Fig. 3) . The multiple R 2 for the model including the main effects of all variables identified as affecting HDL-C concentrations (genotype, age, sex, BMI, carbohydrate intake, tobacco smoking, and alcohol consumption) indicates that these variables explain 15.7% of HDL-C concentration variability. The proportion of energy consumed as protein and fat did not significantly affect serum HDL-C concentrations according to genotype in the entire sample nor in any subgroup (men or premenopausal or postmenopausal women).
Predicted values were calculated from regression models containing the ABCA1-R230C variant, carbohydrate intake, and the interaction term, adjusted for age, BMI, tobacco smoking, and alcohol consumption (Fig. 4) . Dietary carbohydrate proportion modulated the effect of the variant on HDL-C plasma concentrations, and the interaction between the polymorphism and carbohydrate intake was significant only in premenopausal women (P-interaction = 0.037). The gene-diet interaction did not reach significance in men.
Discussion
The R230C variant of the ABCA1 gene is of particular interest because of its epidemiological implications; it is frequent and private to Native American and descendant populations, it has been consistently associated with low HDL-C concentrations in various reports (19, (21) (22) (23) including the present study, and this variant is known to have a functional effect, decreasing cholesterol efflux in vitro by~30% (22) . The overall C risk allele frequency was 9.3%, similar to that reported in previous studies in the Mexican mestizo population (19) (20) (21) (22) (23) . The highest risk allele frequency was observed in the southern states (11.2%) in accordance with the higher Native American component of these populations and the Amerindian origin of the R230C variant (22, 32) . 1.18-1.22) 1.09 (1.06-1.12) 1.08 (0.98-1.20) ,0.001 30 (3.24-3.36) 3.26 (3.16-3.37) 3.10 (2.76-3.47) 0.328
To date, all studies assessing the effect of the ABCA1-R230C variant on HDL-C concentrations in different populations have been consistent. As expected, the R230C variant was significantly associated with lower HDL-C concentrations in the ENSADER sample, although the effect of the variant was greater in women than in men. This finding is not in accordance with that of Aguilar-Salinas et al. (23), who reported a greater effect in males. This discrepancy could be the result of the different sampling designs and/or different data analyses.
The ENSADER State's Employees' Social Security and Social Services Institute population sample has several advantages: it is representative of all Mexico, it is less heterogeneous than the general population in terms of age, educational level, and socioeconomic status; and it includes data on smoking, alcohol consumption, and dietary habits known to affect HDL-C concentrations (14) . Thus, this sample allowed the assessment of gene-environment interactions, particularly gene-nutrient interactions in a cross-sectional design. The FFQ was designed and validated by the National Institute of Public Health in Mexico to assess long-term exposure to different nutrients in order to study their potential role as risk factors for chronic diseases (33) ; however, because of the limitations inherent in diet reporting errors, the results should be interpreted with caution and confirmed in prospective cohort studies.
Multiple dietary factors have been considered key determinants of HDL-C concentrations (34) . Higher carbohydrate intake has been correlated with lower HDL-C concentrations in various studies (25, 35, 36) . Consistent with previous reports, we observed an overall negative correlation between carbohydrate intake and HDL-C concentrations in both men and women, with no significant effect of protein and fat percentage intake.
Although Guevara-Cruz et al. (28) reported that risk allele carriers (RC heterozygous or CC homozygous) were better responders to a specific diet portfolio (low-saturated fat diet complemented with soy protein and soluble fiber), the interaction of this or any other ABCA1 variant with specific dietary components has not been previously assessed.
A sex-specific gene-diet interaction was observed in the present study, because the inverse correlation between carbohydrate intake and HDL-C concentrations was greater in women bearing the R230C variant, particularly in those with a premenopausal status. In contrast, the R230C variant and carbohydrate intake showed an independent, nonadditive effect in men. Although the cause of sex-related differences is not fully understood, estrogen is known to have an effect in premenopausal women by increasing HDL-C concentrations (37, 38) . Moreover, there is evidence that estrogen increases ABCA1 expression in different tissues (39, 40) and estrogen therapy increases ABCA1 expression in leukocytes and improves lipid profile in menopausal women (41) , suggesting that the sexspecific interaction here could be mediated by the effect of estrogen on ABCA1 expression. On the other hand, although testosterone is known to be responsible for lowering HDL-C levels in men (42) , this hormone has been found not to affect apoA-I or ABCA1 expression in hepatocytes or human monocyte-derived macrophages (43) , which is consistent with the lack of ABCA1-nutrient interaction observed in males.
To our knowledge, this is the first study reporting a sexspecific interaction between any ABCA1 variant and carbohydrate intake on HDL-C concentrations, representing the first effort to evaluate gene-nutrient interactions for the ABCA1-R230C gene variant. These findings may provide the bases to 
